The present study takes the advantage of computational fluid dynamics (CFD) methods to model 11 steady-state, two-dimensional, axisymmetric, turbulent, compressible and combusting flow in a 12 dual-stage high velocity oxy-fuel (HVOF) thermal spray system. The Eulerian method is used to 13 solve the continuum gas phase and the Lagrangian method is utilized for tracking the particles. 14 The effects of particle loads on the continuous gas phase are included in the simulation. Thus, 15 compared to the previous studies, we investigate the influence of coupling between the particle 16 and gas phases in modeling of the dual-stage HVOF process. It is found that decouple modeling 17 of the particle and the continuous phase causes a significant error in velocity of particle at the 18 impact moment, even for low powder particle loading. We further investigate the effects of four 19 geometrical parameters on the behavior of gas phase and consequently the particle phase. Results 20 also show that the turbulent intensity of flow at different sections of the warm spray process is the 21 most important factor determining the radial distribution of nitrogen and temperature in the barrel.
compressible and Newtonian flow. Results from gas phase provides Lagrangian scheme with data 151 to determine particle velocity, temperature and location. Since warm spray gun is completely 152 axisymmetric, a two-dimensional domain is appropriate for computations. 153 To incorporate the effect of different physical phenomena involve in the problem, we used existing 154 models in the literature. This is mainly due to the complexity of the multi-scale problem involving, 155 compressible turbulent reactive phenomena with heat transfer, and modeling of C-D nozzle in a 156 complicated geometry. Interaction between the continuum gas phase by solving Euler equation 157 and tracking particle phase using Lagrangian method, adds more complexity to the problem. 158 Therefore, we tried to utilize previous validated models to develop a validated modeling tool. This 159 further allows us to have a quick model for the purpose of parametric and geometric studies that 160 is the objective of the present work. 
where is the density of gas, is the j th component of the gas field velocity, is the static 168 pressure, and µeff is the effective viscosity that is considered as the summation of the molecular 169 viscosity, µ, and turbulent eddy viscosity, µt. Eddy viscosity is resulted from Reynolds stress terms 170 and represents the effect of diffusing momentum. ( ̅ ) and ij are the mean deviatoric stress 171 tensor and the Kronecker symbol respectively. The superscripts (∼) and () denote a mass-172 weighted averaged quantity and a Reynolds averaged quantity. 173 In order to simulate two-way coupling, we need to consider the effect of particles on the 174 momentum and energy equations of the continuous phase. Therefore, two terms appear as 
where and are the density of gas and diameter of particle, respectively. CD, Ug and UP are 178 drag coefficient, gas phase velocity and particle phase velocity, respectively 179 The balance equations for energy and species are:
( ̅̃̃) = − [ ̅ ] +̇; = 1, ⋯ , N − 1,
where T is the temperature, ht is the total enthalpy obtained as ht = h+uiui/2,  is the thermal 181 conductivity, Yk is mass fraction of the species k and ̇ is the mass reaction rate of species per 182 unit volume. ̅ is the diffusion flux of a species k consists of molecular diffusion and effective 183 diffusion due to turbulence. Prt is the turbulent Prandtl number that is estimated using Eq. 
The constant values of the model in Eqs. (9) and (10) are C1 = 1.42, C2 = 1.68 and Cµ= 0.084. k 211 and  are the inverse effective Prandtl numbers for k and . The production rate of turbulent kinetic 212 energy, Gk, is written as:
where the turbulent eddy viscosity defined as = ̅ 2 ⁄ . In the premixed combustion which happens in the problem of warm spray both fuel and oxygen 228 exist in every single eddy and the minimum dissipation rate of fuel-oxidizer and products will 229 appoint the reaction rate. In EDM, average concentration of species and the turbulent intensity in 230 the flow are the only parameters which determine the reaction rate. Therefore, the volumetric fuel 231 consumption rate is given by: variables in the flow field and especially particle field. Nonetheless, the absence of a numerical 241 investigation with detailed chemical kinetics in the HVOF system is still conspicuous, and it can 242 be a topic for future researches.
243
Since the effect of chemical kinetics is ignored by EDM, the dissociation of major species should 244 be considered in order to avoid the over-prediction of temperature. When combustion occurs, the gauge pressure and temperature roughly reach to 3.5 bars and 2800 K in the base case (the 246 geometry of the base case is introduced in Fig. 3 The discrete phase model (DPM) takes the advantage of Lagrangian method to determine the 257 particle motion and temperature using data coming from the gas phase momentum and heat 258 transfer equations. It is assumed in previous studies [3, 11, 16, 27, 30, 42] that since the particle 259 loading in the spray process is very low, the effect of particle dynamics on the continuous phase 260 is minimal. Therefore, the particle phase can be decoupled from the gas phase. However, based on 261 what will be discussed in section 4, decoupling the particle and the continuous phase will cause a 262 remarkable error in prediction of the particle velocity at the impact moment.
263
It is also assumed that the particles do not affect each other. The particle is considered to be in a 264 spherical shape and their motion is simulated by following equation [33]:
where CD, Ug and UP are drag coefficient, gas phase velocity and particle phase velocity, 266 respectively. Also Ap is the surface area of the particle.
267
While the roughness and orientation of particle surface are important, the particle Reynolds 
Since the particle Biot number is less than 0.1 [43] the particles internal resistance is ignored and 272 the temperature gradient inside the particle is assumed to be zero. For the base case, we studied 273 the effect of radiation by using the Discrete Ordinate (DO) radiation model. The results predicted 274 for the radiative model are similar to the non-radiative model. Therefore, the effect of radiation is ignored for the rest of the cases studied in this paper. Thus, the heat transfer equation between a 276 single particle and continues gas phase is described as: oxygen and temperature is studied in this paper, the second order upwind discretization approach 290 is utilized for all equations in order to avoid numerical diffusion. 
299
The main objective in the present work is to examine the effect of the nozzle geometry (i.e. numerically in this paper. Table 1 presents the variable dimensions for these 13 cases. Table 2 also 306 presents the working conditions of warm spray. All wall temperatures are fixed at 350 K, and the entrance temperature of fuel-oxygen, nitrogen and particle is assumed to be 300 K [30] . The 308 ambient pressure is also fixed at 1 atm. non-physical fluctuations mainly in the barrel. However, results for a grid with 54760 cells are 320 completely logical and the difference between the gas phase velocity for grids with 54760 and 321 129420 cells is less than 3%. It should be mentioned that the percentage of error for the velocity 322 of particle phase is much less than those obtained for the gas phase. Thus, the grid with 54760 323 cells is utilized for the rest of the computations. In a study by Yang and Eidelman [42] , it is commented that since the particle mass flow rate is 331 less than 4% of continuous phase mass flow rate, the effect of particle loading on the continuous 332 phase is minimal. Therefore, the momentum and heat exchange from particle to the gas phase can 333 be neglected and the particle phase can be decoupled from the gas phase. This approach was used 334 to simulate particle motion and temperature in several numerical investigations of HVOF and 335 warm spray guns (e.g. [3, 11, 16, 27, 30, 42] ). To examine this assumption, the current study 336 considers the effect of interphase momentum and heat exchange on the particle phase behavior.
337
The results are presented in Figs. 5 and 6. The effect of coupled solution and particle loading on 6 shows that for percent of particle mass flow rate lower or higher than 3.9%, the velocity and 343 temperature of the particle have a linear dependency to the percent of particle mass flow rate. It 344 seems that the 4% particle loading is not an exact criterion for decoupling particle and gas dynamic.
345
Secondly, as it is seen in Figs. 5 (a) and 6 (a), for a fixed particle mass flow rate (i.e. 3.9%) the 346 particle temperature at barrel exit predicted using decoupled solution is almost 5% lower than that Fig. 7 shows the variation of velocity and temperature of the particle and gas phases along the 355 centerline which is obtained for the base case given in Table 1 . In warm spray system the combustion chamber temperature increases due to combustion process. This high level of internal 357 energy converts to kinetic energy when the exhaust gases accelerate through a converging nozzle.
358
It can be seen in Fig. 7(a) that the flow experiences 350 m/s increase in velocity when it passes 359 through the converging nozzle. By the next step, nitrogen is added to flow in mixing chamber to 360 cool down the flow. In this stage, velocity and pressure remain roughly constant on the centerline, 361 but the increasing rate of temperature decreases. Then, in C-D nozzle, the flow accelerates and 362 becomes supersonic. Therefore, the flow experiences a drastic decline in pressure and temperature. temperature in the barrel as can be seen in Fig. 7 . However, both velocity and temperature remains almost constant through the barrel (Fig. 7) . When the flow comes out of the barrel, the exhaust 371 supersonic jet has a boundary surface which interfaces with the surrounding quiescent atmospheric 372 air [46]. This free boundary reflects an incident shock wave as an expansion wave and vice versa.
373
Therefore, the diamond-like wave patterns with compression and expansion waves form at 374 downstream of the barrel exit. This complicated structure causes the gas velocity and temperature 375 to undergo a series of fluctuations as seen in Fig. 7 . 376 It is further seen in Fig. 7 that the velocity and temperature of the particle phase increase drastically 377 along the centerline up to x = 0.20 m. Then a monotone increase in the particle velocity and 378 temperature are observed up to x = 0.34 m and x = 0.32 m, respectively. It means that the particle 379 obtains its peak temperature and velocity outside of the gun. These maximum values for the base 380 case are 597.5 m/s and 1271.7 K. Then slight decreases in these properties are observed until the 381 exit of the computational domain. After the particle reaches to its peak temperature, the direction 382 of heat transfer changes, and heat transfers from the particle to the gas flow.
383
From Fig. 7 (a) it is obvious that when the particles are injected to the gun (i.e. barrel entrance), 384 the gas velocity decreases sharply. This behavior was not observed in the previous simulations of 385 warm spray process (e.g. [16, 30] ). This can be attributed to the interaction between particle and 386 flow in a two-way coupling manner. 
388
The following sections discuss the effect of four important geometrical design parameters on the 389 performance of the warm spray guns. Fig. 9 shows the effect of throat diameter of the converging nozzle on the gas and particle phases' 392 properties. According to Table 1 , Case 1 and Case 2 have 1 st nozzle throat diameters smaller than 393 the base case while Case 3 has a diameter higher than the base case. Fig. 9 shows that the throat barrel exit, which are visible as fluctuations in Fig. 9 , look similar. Fig. 9 shows that increasing 404 the 1 st nozzle throat diameter has no remarkable effect on the particle velocity while this change 405 has a substantial effect on the particle temperature. It can be concluded that the behavior of the gas 406 properties have the same effects on the particle properties. It is an interesting finding that changing 407 the diameter of converging nozzle serves a powerful control over the particle temperature while 408 the particle velocity remains intact. Based on the results presented in Fig. 9 (b To show the effect of turbulent mixing on the radial diffusion of nitrogen, the radial distribution 421 of N2 mole fraction at the barrel entrance (the location of particle injection) is presented in Fig. 11 422 (a). It is seen that the radial distribution of N2 in Case 1 is more uniform at barrel entrance. It means 423 that the higher level of turbulent mixing can lead to an increase of radial diffusion of nitrogen.
Effect of converging nozzle throat diameter

424
Also, the cooling effect of nitrogen results in a more uniform distribution of radial temperature.
425
The uniform radial distribution of temperature shows its practical importance when the particles 426 get away from the centerline. The radial distance of particle from the centerline determines the 427 degree of heating and melting of the particles. As the particles get away from the centerline, their 428 temperature decreases [3] . In fact, a radial uniformity in gas phase temperature results in an 429 uniformity of the particle temperature regardless of particles' radial distance from the centerline.
430
The effect of throat diameter of the 1 st nozzle on the variation of radial O2 distribution at 63 mm 431 outside of barrel (i.e. x= 320 mm where the particles typically attain their highest temperature) is 432 depicted in Fig. 11 (b) . In practice, radial distribution of oxygen determines the oxidant content of 433 particles at the point of impact on the substrate and consequently the coating quality. It can be seen that the radial O2 distributions are the same for all cases. The oxygen content of the jet flow in the 435 atmosphere is mostly resulted from jet velocity at barrel exit because the flow with higher velocity 436 at barrel exit faces higher turbulent intensity and higher turbulent mixing with ambient air.
437
Therefore, roughly same velocity at barrel exit ( Fig. 9 (a) ) leads to the same level of turbulent 438 intensity ( Fig. 10 ) and radial oxygen content ( Fig. 11 (b) ).
439
(a) (b) Fig. 9 . Effect of throat diameter of the 1 st nozzle on the variation of (a) velocities and (b) temperatures of the gas and particle phases along the centerline. (a) (b) Fig. 11 . Effect of throat diameter of the 1 st nozzle on the variation of (a) nitrogen radial distribution at the barrel entrance and (b) oxygen radial distribution at 63 mm outside of the barrel (i.e. x=320 mm).
Effect of C-D nozzle throat diameter 440
The impact of C-D nozzle throat diameter in a liquid-fueled single stage HVOF gun was studied 441 by Tabbara et al. [44] . The current paper studies the impact of this parameter in a gas-fueled warm 442 spray. Fig. 12 presents the velocity and temperature of gas and particle phases due to a change in 443 the throat diameter of the second nozzle. According to Table 1 , Case 4 and Case 5 have 2 nd nozzle 444 throat diameters smaller than the base case while Case 6 has a diameter higher than the base case.
445
Changing this parameter does not affect the flow velocity upstream of the throat in the single-stage 446 HVOF gun. This was observed in the study by Tabbara et al. [44] . Nonetheless, changing the 2 nd 447 nozzle throat diameter has remarkable effect on the upstream velocity of gas, especially in the 448 mixing chamber. As it can be seen in Fig. 12 (a) , decrease in C-D nozzle throat diameter results in 449 a reduction of gas velocity in the combustor and mixing chamber. Similar to the single stage, in 450 the dual stage HVOF, a decrease in C-D nozzle throat increases gas velocity and consequently the 451 particle velocity in the downstream of the nozzle throat. An increase of the throat diameter reduces 452 the stagnation pressure in the mixing chamber. Thus, further increase in the throat diameter (i.e.
453
Case 6 in Table 1 ) causes the flow to expand normally through the nozzle and barrel. This is why 454 no shock structure is seen in Fig. 12 (a) at the barrel exit (dashed green lines in Figs. 12 (a) and 455 (b)).
456
From Fig. 12 (b) it is obvious that by increasing the C-D nozzle diameter, the particle temperature 457 increases from Case 4 to Case 6. The particle temperature is influenced by the gas phase 458 temperature and the residence time of particles in the barrel. Therefore, the increase in the particles 459 temperature from Case 4 to Case 6 is due to both higher gas phase temperature and lower particle 460 velocity (i.e. higher residence time). Based on Fig. 12 (b) , 33% decrease in the nozzle throat 461 diameter (going from Case 4 to Case 6) causes 10% decline in the particle temperature and 9% 462 decline in the gas temperature at the end of the computational domain. nozzle is the highest one. Therefore, in this case the radial distribution of nitrogen (see Fig. 14 (a) ), 468 and consequently, the temperature distribution is more uniform. Also the oxygen content of flow 469 outside the barrel is influenced by the turbulent intensity caused by the jet velocity. Therefore, as 470 it is seen in Fig. 14 (b) , the highest oxygen content at this region occurs in Case 4 with the highest 471 jet velocity at barrel exit. This increases the peril of oxidation in this case. In a study by Tabbara 472 et al. [44] , it was found that 20% reduction in C-D nozzle throat of single stage HVOF resulted in 473 60% increase in the pressure of combustion chamber. The current work shows that 20% decline in 
Effect of changing the diameters of both converging and C-D nozzles 478
The effects of throat diameters of both converging (1 st ) and C-D (2 nd ) nozzles on the gas and 479 particle dynamic are studied in this section. Fig. 15 presents the velocity and temperature of gas and particle phases due to a simultaneous change in the 1 st and 2 nd nozzle throat diameters.
481
According to Table 1 , for Case 7 and Case 8 the throat diameters of both nozzles are smaller than 482 the base case while for Case 9 the nozzles have throat diameters higher than the base case. The 483 results presented in this section show that increasing the diameter of the two nozzles to a same 484 level, lessens or intensifies the effect of increasing diameter of each nozzle that we observed in the 485 previous sections.
486
To explain the effect of this geometric modification on particle velocity, we further inspect Figs. 487 9 (a), 12 (a) and 15 (a). In Fig. 9 (a) , it is seen that an increase in the 1 st nozzle throat diameter 488 causes a very slight increase in the velocity (i.e. from 561 m/s to 567 m/s). However, Fig. 12 (a) 489 shows that an increase in the 2 nd nozzle throat diameter results in a noticeable decrease in the 490 particle velocity (from 600 m/s to 535 m/s). In Fig. 15 (a) it is seen that simultaneous increase of 491 the 1 st and 2 nd nozzle throat diameters, decreases the velocity of the particle from 595 m/s to 536 492 m/s.
493
The velocity ranges given above show that the decrease in the particle velocity of the third 494 geometrical group (see Table 1 ) is less severe than the second group. This is because increasing 495 the first nozzle throat diameter has a slight increasing effect on the particle velocity.
496
This conclusion can also be taken by analyzing the temperature field. Fig. 9 (b) shows that an 497 increase in the converging nozzle throat diameter increases the particle temperature by 135 K. Fig.   498 12 (b) also shows that an increase in the C-D nozzle throat diameter increases the particle 499 temperature by 127 K. In Fig. 15 (b) we can see that simultaneous increase in the both nozzle throat 500 diameters increases the particle temperature by 274 K. Thus, it is concluded that simultaneous 501 increase in the both nozzle diameters intensifies separate effects of these changes, and it can 502 provide us with the particle temperatures twice wider than the range of particle temperature in the 503 first and second groups of models. 504 Fig. 16 shows the variation of turbulent intensity along the center line due to simultaneous change 505 of diameters for the 1 st and 2 nd nozzles. It is seen that increasing the diameters of the two nozzles 506 (from Case 7 to Case 9 in Table 1 ) doesn't noticeably affect the turbulent intensity in the 507 combustion chamber, converging nozzle and mixing chamber (i.e. 0<x<0.105 m). On the other 508 hand, in the convergent section of the C-D nozzle the turbulence level is more for Case 7.
509
Therefore, as it can be seen in Fig. 17 (a) the radial distribution of nitrogen and consequently 510 temperature in the barrel is more uniform in Case 7.
(a) (b) Fig. 15 . Effect of changing throat diameter of both 1 st and 2 nd nozzles on the variation of (a) velocities and (b) temperatures of the gas and particle phases along the centerline. 515 In this section we study the effect of the length (L) of the divergent section of the C-D nozzle on 516 the velocity, temperature and turbulent intensity of the two phases. With a fixed divergent angel, 517 a longer divergent section of the C-D nozzle gives the gas phase a chance to reach a lower pressure 518 and temperature and consequently higher velocity when it enters the barrel. Fig. 18 shows the 519 variations of the gas and particle velocity and temperature for different lengths of the divergent 520 section. For Case 10 which the divergent section length is L = 30 mm, the flow expands normally 521 to around 1 bar through the C-D nozzle and barrel. Thus, no shock wave is observed at the barrel 522 exit. In contrast, in Case 13 with L = 50 mm, the flow over-expands in the C-D nozzle and sharpest than the other cases, the particle velocity of Case 13 is not more than other cases. The reason is 525 that in this case the flow expands more through a longer divergent section, and the density of the 526 flow and consequently the drag force of the flow acting on the particles decreases. This 527 compensates the effect of higher gas velocity. Fig. 18 (b) shows that as the nozzle length increases, 528 the flow temperature in the C-D nozzle decreases. Therefore, Case 13 in Fig. 18 (b) yields the 529 minimum temperature among different cases. Thus, the gas temperature and consequently the 530 particle temperature is lower than other cases in the barrel. Based on Fig. 18 (b) , 40% decrease in 531 L (comparison between Case 10 and Case 13) does not have significant effect on the temperatures 532 of the particle and gas phases at the end of the computational domain. 533 Fig. 19 reveals the turbulent intensity of the flow on the centerline for cases 10 to 13. In Case 13, 534 flow experiences higher speed and stronger shocks at barrel entrance, resulting in more strong 535 stepwise increase in the turbulent intensity and mixing at the barrel entrance. Thus, as it is seen in 536 Fig. 20 (a) , the radial distribution of nitrogen at the barrel entrance is more uniform in Case 13. 537 Fig. 20 (b) shows the radial concentration of the oxygen 63 mm outside of the barrel (i.e. x = 320 538 mm in Fig. 3 ). Roughly same gas phase velocity at the barrel exit leads to same oxygen content at 539 this section. 
Effect of the length of divergent section in the C-D nozzle
Conclusions
543
Considering the two-way interaction between gas and particle phases, we conducted a parametric
